Introduction
============

Nonalcoholic fatty liver disease (NAFLD) is the most common chronic liver disease.[@b1-dddt-11-2719] Nonalcoholic steatohepatitis (NASH), a severe form of NAFLD, may progress to cirrhosis and hepatocellular carcinoma.[@b1-dddt-11-2719]--[@b3-dddt-11-2719] NAFLD, commonly associated with insulin resistance, obesity, dyslipidemia, type 2 diabetes mellitus, and cardiovascular disease, is considered a hepatic manifestation of the metabolic syndrome.[@b3-dddt-11-2719],[@b4-dddt-11-2719] The present standard therapy in patients with NAFLD focuses on weight loss through dietary modification and lifestyle change. Although vitamin E and thiazolidinedione pioglitazone use shows some beneficial effects in selected cases, currently no pharmacologic treatment has been established for NAFLD.[@b4-dddt-11-2719]--[@b6-dddt-11-2719]

β-lapachone (3,4-dihydro-2,2-dimethyl-2*H*-naphthol\[1,2-b\]pyran-5,6-dione; [Figure 1](#f1-dddt-11-2719){ref-type="fig"}), originally isolated from the South American lapacho tree, is a well-known NAD(P)H:quinone oxidoreductase 1 (NQO1) substrate (diphtheria toxin diaphorase).[@b7-dddt-11-2719]--[@b9-dddt-11-2719] β-lapachone is an antioxidant flavoprotein that catalyzes the two-electron reduction of various quinones using NAD(P)H as an electron donor, and it has been reported to have anticancer, anti-inflammatory, antibacterial, antifungal, antiviral, anti-healing, and antihypertensive properties.[@b7-dddt-11-2719]--[@b15-dddt-11-2719] Furthermore, results from several recent studies in rodent models that evaluated β-lapachone's therapeutic potential suggest that β-lapachone administration ameliorated metabolic syndrome-related symptoms, including obesity, glucose intolerance, dyslipidemia, and fatty liver, through pharmacologic stimulation of NQO1-dependent cytosolic NADH oxidation.[@b16-dddt-11-2719]--[@b18-dddt-11-2719] Synthetic β-lapachone, MB12066, has been recently developed by KT&G Life Sciences Corporation (Suwon, Republic of Korea).

In a preclinical pharmacokinetic (PK) study, time to reach maximum plasma concentration (t~max~) for β-lapachone was 6 h and absolute oral bioavailability was 15.5%, when administered orally and intravenously to rats.[@b13-dddt-11-2719] Some factors that might have contributed to the low oral bioavailability and delayed t~max~ in that study included first-pass β-lapachone metabolism in the liver, small and large intestinal tracts, and their low aqueous solubility.[@b19-dddt-11-2719] Mean elimination half-lives (t~½~) were 2.5--11.4 h, depending on the administration route.[@b19-dddt-11-2719],[@b20-dddt-11-2719] β-lapachone is mainly eliminated via NQO1 and subsequent UDP-glucuronosyltransferase (UGT)-catalyzed metabolism.[@b21-dddt-11-2719] After \[^14^C\]MB12066 oral administration to rats, β-lapachone was rapidly and extensively distributed to tissues, and most of the radioactive dose (94%) was excreted (8 h post dose) via bile (unpublished data; KT&G Life Sciences Corporation).

According to the investigator's brochure, MB12066 was determined to be safe and well tolerated in a single-dose Phase I study. Peak β-lapachone plasma concentrations have been observed to be between 2.5 and 5 h after dosing in healthy volunteers, and mean t~½~ was about 10.4--24.6 h (unpublished data; KT&G Life Sciences Corporation). β-lapachone urinary excretion in the parent form was ≤1%, and mean renal clearance was 12.8--18.1 L/h. Systemic exposure showed dose proportionality after single dosing between 30 and 200 mg.

The present study was conducted to evaluate MB12066's PKs and safety following oral administration in healthy Korean volunteers.

Methods
=======

Study subjects
--------------

Healthy Korean male volunteers, aged 20--45 years, with a body weight of 60--90 kg and body mass index (BMI) between 18.5 and 25, were eligible for the study if they had no clinically significant findings on medical history, physical examination, routine clinical laboratory tests (blood hematology, biochemistry, urinalysis), serology tests (hepatitis B surface antigens, anti-hepatitis C virus antibody, anti-HIV antibody, and Venereal Disease Research Laboratory \[VDRL\]), and 12-lead electrocardiography conducted within 3 weeks prior to the study.

Subjects were excluded from the study if they met any one of the following criteria: 1) history of allergy or hypersensitivity to any drug; 2) history or evidence of hepatic (including viral hepatitis), renal, pulmonary, endocrine, central nervous system, immune, hematologic, psychiatric, cardiovascular, or malignant diseases; 3) history of gastrointestinal disease or gastrointestinal surgery that might affect study drug absorption (excluding simple appendectomy or herniorrhaphy); 4) hemoglobin level \<12 g/dL; 5) fasting blood sugar \<70 or \>126 mg/dL; 6) systolic BP of ≥140 or ≤90 mmHg, diastolic BP of ≥90 or ≤40 mmHg, or pulse rate of \>100/min, measured after 5 min resting in a seated position; 7) history of drug abuse; 8) use of any prescription medication or herbal remedies within 14 days or use of any over-the-counter remedies or vitamins within 7 days prior to the study drug administration; 9) participation in another study with an investigational or approved drug ≤8 weeks prior to dosing; 10) donation or loss of ≥400 mL blood \<8 weeks prior to screening; 11) alcohol consumption (\>21 units/week) or unwillingness to abstain from drinking during the study period; 12) tobacco product use ≤3 months prior to study drug administration; 13) excessive intake of caffeine, caffeine-containing food, grapefruit, grapefruit juice, or grapefruit-containing food; 14) inability to take a standard meal that was provided in the study center; 15) previous participation in such a study; and 16) subjects who were not eligible to participate at the discretion of the study investigator, based on clinical laboratory tests.

The study protocol was approved by the Ministry of Food and Drug Safety and the institutional review board of the Kyungpook National University Hospital (KNUH), Daegu, Republic of Korea ([ClinicalTrials.gov](http://ClinicalTrials.gov) identifier: NCT02338856), in accordance with the ethical standards for studies in humans from the Declaration of Helsinki and its amendments and applicable Good Clinical Practice guidelines. Before participating in this study, all subjects received detailed written and oral study information and signed a written informed consent document before screening.

Study design
------------

This randomized, double-blind, multiple-dose, two-treatment study was conducted at the KNUH Clinical Trial Center. A code for randomization (Microsoft Excel 2010; Microsoft Corporation, Redmond, WA, USA) was used to randomly assign the 11 subjects to one of the two different treatment groups. Eight subjects received MB12066 (lot no M 13001; expiration date, January 2015; KT&G Life Sciences Corporation), and three subjects received placebo (lot no P 13001; expiration date, January 2015; KT&G Life Sciences Corporation).

The study consisted of a screening period (days −21 to day −2), baseline evaluation (day −1), admission (days −1 and 7), multiple-dose treatment period (days 1--8, 100 mg MB12066 or placebo administered twice orally after an overnight fast for ≥10 h), discharge (days 2 and 9), and safety follow-up on days 14--18. Subjects were admitted to the study center at 8 pm on days −1 and 7. After an overnight fast for 10 h, subjects received the first or the last (at 8 am on day 8) oral dose of MB12066 100 mg or placebo 100 mg with 150 mL of water at 8 am in the morning of days 1 and 8, under the supervision of the investigator. Additional water intake was permitted 2 h after dosing, and food intake was not allowed for 4 h with standardized lunch and evening meals served at 4 and 10 h after the first or last dose. Subjects were hospitalized from 12 h before the first or last dose to 24 h after dose. On days 2--7, all subjects came to the study center and received an oral dose of the study medication every 12 h.

To determine β-lapachone plasma concentration, serial blood samples (5 mL each) were collected from an indwelling intravenous catheter into a sodium heparin-containing tube just before and at 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 12, and 24 h after dosing on day 1, just before dosing on day 5, and also before and at 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 12, 16, 24, 36, 48, and 60 h after dosing on day 8. The tubes with blood samples were shaken lightly and immediately chilled on ice for ≤5 min before plasma separation via centrifugation (3,200 rpm for 7 min at 4°C). Plasma samples (150 μL) were transferred to Eppendorf tubes and stored at −70°C until analysis by the KNUH's analytical laboratory.

β-lapachone concentration analysis
----------------------------------

β-lapachone plasma concentrations were determined using high-performance liquid chromatography coupled with tandem mass spectrometry (HPLC--MS/MS). Briefly, 100 μL plasma was pipetted into a polypropylene tube, and 200 μL β-lapachone-d6 (5 ng/mL in acetonitrile) was added as an internal standard. The mixture was then vortexed for 5 min and centrifuged (13,200 rpm, 10 min). A 3 μL aliquot of this solution was injected for analysis. Samples were analyzed by HPLC--MS/MS using an Agilent 1200 series HPLC system (Agilent Technologies, Santa Clara, CA, USA) coupled to an API 5000 mass spectrometer (AB Sciex, Framingham, MA, USA). Chromatographic separation was performed using a Zorbax XDB-C~18~ column (2.1×150 mm internal diameter, 3.5 μm particle size) at a flow rate of 0.2 mL/min. The mobile phase consisted of a 30:70 (v/v) mixture of 0.1% formic acid in 5 mM ammonium acetate and acetonitrile. The multiple reaction monitoring transitions for quantification were as follows: *m/z* 243.11→187.03 for β-lapachone and *m/z* 249.05→159.07 for β-lapachone-d6. Linear calibration curves were established between 0.5 and 200 ng/mL for β-lapachone (*r*≥0.9950). Intraday % coefficients of variation (CVs) were 3.4, 3.0, 2.1, and 3.6 for 0.5, 1.5, 16, and 160 ng/mL of β-lapachone, respectively. At the same respective concentrations, interday %CVs were 4.0, 4.4, 3.6, and 3.6, respectively. The overall accuracy ranged from 98.8% to 106.0% (intraday) and from 96.2% to 104.3% (interday). The lower limit of quantification was 0.5 ng/mL.

PK analysis
-----------

β-lapachone PK parameters in plasma were determined by non-compartmental methods, using WinNonlin Pro 5.3 software (Pharsight Corporation, Mountain View, CA, USA), based on individual subject β-lapachone plasma concentrations, using actual sampling times after the first or last 100 mg maintenance dose administration. Maximum plasma concentration (*C*~max~), minimum plasma concentration (*C*~min~), and time to reach *C*~max~ (t~max~) were estimated directly from the observed plasma concentration--time data curve. Terminal elimination rate constant (*k*~e~) was determined by linear regression on the final data points (at least three) of log-linear decline. β-lapachone apparent elimination half-life (t~½~) was calculated as 0.693/*k*~e~. The area under the plasma concentration--time curve over the dosing interval after multiple-dose administration (AUC*~τ~*) was calculated using the linear trapezoidal method. All estimated PK parameters were summarized descriptively as mean ± standard deviation (SD) values.

Safety assessment
-----------------

MB12066 safety was assessed throughout the study period by recording clinical and laboratory adverse events (AEs), which were collected and compared to evaluate differences between β-lapachone pre- and post-dosing. All subjective symptoms reported by subjects and objective signs observed by clinical investigators were collected and assessed. Vital signs (blood pressure, pulse rate) were assessed at screening, on days 1 and 8 (before and at 4 and 24 h after administration of the first and the last dose), and at the follow-up visit. Body temperature was measured at screening and at the follow-up visit. A full physical examination was performed at screening, on days 1 and 8 (before dosing), days 2 and 9 (before discharge), and at the follow-up visit. The following laboratory tests were conducted at screening and follow-up visits at an accredited laboratory (Department of Laboratory Medicine, KNUH, Daegu, Republic of Korea): blood hematology (hemoglobin, hematocrit, red blood cell, platelet, and white blood cells with neutrophil, lymphocyte, monocyte, eosinophil, and basophil counts), urinalysis (specific gravity, pH, protein, glucose, ketone, bilirubin, occult blood, urobilinogen, nitrite, and microscopic examination \[red and white blood cells\]), and serum chemistry (fasting glucose, blood urea nitrogen, creatinine, total cholesterol, triglyceride, low-density lipoprotein \[LDL\] cholesterol, high-density lipoprotein \[HDL\] cholesterol, total protein, albumin, total bilirubin, alkaline phosphatase, aspartate aminotransferase, alanine aminotransferase, γ-glutamyltransferase, and lactate dehydrogenase). A 12-lead ECG was conducted at screening and at the follow-up visit.

Treatment-emergent adverse events (TEAEs) were defined as those that occurred on or after administration of the first dose. TEAEs were evaluated by study physicians in terms of intensity (mild, moderate, and severe), duration, severity, outcome, and relationship to the study drug administered.

Statistical analyses
--------------------

Because this study was designed to explore and describe β-lapachone PK after oral 100 mg MB12066 tablet administration, a sample size calculation to robustly test our statistical hypothesis was not performed. Based on earlier studies and practical considerations, the total number of subjects enrolled was 11 (8 active medication and 3 placebo).

The results are expressed as mean ± SD values unless otherwise indicated, and a *p*-value \<0.05 was considered as statistically significant. PK parameters between single-and multiple-dose administrations were compared using the Mann--Whitney *U* test or independent *t*-test. All statistical tests were performed using SPSS software (version 18.0 for Windows; SPSS Inc., Chicago, IL, USA).

Results
=======

Subjects
--------

Of the 11 healthy Korean male subjects enrolled in this study (age, 27.8±5.6 years \[range, 22--39 years\]; weight, 68.7±7.8 kg \[range, 60.2--81.4 kg\]; height, 175.2±8.1 cm \[range, 161.6--187.0 cm\]), eight received MB12066 and three received placebo. All subjects completed the study without any major protocol violation and were included in the safety analysis. Data from eight subjects were included in the PK analysis.

PK properties
-------------

[Figure 2](#f2-dddt-11-2719){ref-type="fig"} shows the mean plasma β-lapachone concentration--time profiles ([Figure 2A](#f2-dddt-11-2719){ref-type="fig"}) after single dose and 8-day multiple dose twice daily oral administration of MB12066 and ([Figure 2B](#f2-dddt-11-2719){ref-type="fig"}) details of time (168--228 h after the last dose). The main PK parameters for β-lapachone are summarized in [Table 1](#t1-dddt-11-2719){ref-type="table"}.

Following a single oral 100 mg MB12066 dose, the *C*~max~ value for β-lapachone was 3.56±1.55 ng/mL and the median (range) t~max~ was 3 h (2--5 h). Following 100 mg twice daily repeated dosing for 8 days, the median (range) t~max~ was 5 h (1--5 h), which was not statistically significantly different from single-dose administration (*p*=0.234). The mean t~½~ was 18.16±3.14 h, and the mean AUC~0--~*~τ~* was 50.44±29.68 ng·h/mL. The accumulation index was 2.72±0.37, indicating that there was accumulation after multiple doses of 100 mg MB12066 administered twice daily.

Safety
------

Safety assessments were performed on the 11 subjects who received β-lapachone or placebo at least once. Overall, four (36.7%) subjects experienced a total of four TEAEs during the study period. Two events (dyspepsia and diarrhea) were considered to be related to the medication. All AEs were transient and mild in intensity. All AEs resolved spontaneously with no specific treatment. None of the TEAEs were considered to be serious or unexpected.

Discussion
==========

This Phase I study evaluated MB12066 PK and safety in healthy volunteers. MB12066 is a synthetic version of β-lapachone. Based on a literature review (PubMed key terms: β-lapachone, PK, healthy volunteer \[August 2016\]), there were no research reports that addressed β-lapachone PK in healthy volunteers.

The mean ratio of AUC~0--t~ (area under the plasma concentration vs time curve from 0 to the last quantifiable time point)/AUC~0--∞~ (area under the plasma concentration vs time curve from 0 to infinity) after repeated dosing for 8 days was 90.8% in our study, indicating that the sampling schedule was adequate to provide a reliable estimate of exposure extent (eg, at least 80% AUC~0--∞~).

Following single-dose 100 mg MB12066 administration, the *C*~max~ and AUC~0--t~ values for β-lapachone (3.56±1.55 ng/mL and 16.16±4.93 ng·h/mL, respectively) from the present study were not compatible with those reported in the investigator's brochure (1.56±0.50 ng/mL and 19.74±11.92 ng·h/mL, respectively). There may be several reasons for these differences; the sampling times in the study from the investigator's brochure were different (just before and at 0.5, 1, 2, 3, 4, 6, 8, 10, 12, 16, 24, 36, 48, and 72 h after dosing). Furthermore, as the second dose was administered 12 h after the first dose on day 1 in our study, the last time point for AUC~0--t~ was 12 h after the first dose. Accordingly, the AUC~0--t~ and t~½~ values could not be exactly calculated after a single dose. Following multiple-dose MB12066 (100 mg twice daily) administration for 8 days in this study, *C*~max~ and AUC~0--t~ values for β-lapachone were significantly higher than those after a single dose (14.96±15.56 ng/mL and 85.97±32.59 ng·h/mL, respectively; *p*=0.21 and *p*\<0.001, respectively). Furthermore, the accumulation index for β-lapachone calculated in this study was 2.72±0.37, indicating that there was considerable accumulation in plasma with twice-daily administration.

In the present study, the median t~max~ values ranged between 3 and 5 h post dose, compatible with those reported in the investigator's brochure (2.5--5.0 h). The mean t~½~ value following multiple dosing in this study was 18.16±3.14 h. The reported t~½~ values in the preclinical study and the investigator's brochure after oral administration with 10--400 mg of MB12066 in healthy volunteers showed similar t~½~ values (10.4--24.6 h) as seen in our study.[@b19-dddt-11-2719]

In our study, interindividual variability seen in the PK values for β-lapachone was considerable. For single- and multiple-dose administrations, the CV% for *C*~max~ values was 43.6% and 104.9%, respectively. The CV% for AUC ranged from 30.5% to 58.8%. According to the investigator's brochure, the CV% for *C*~max~ and AUC~0--t~, when MB12066 was administered to 50 healthy volunteers in a randomized, placebo-controlled, single-dose, dose-escalation clinical trial, ranged from 31.9% to 99.5% and from 30.2% to 106.9%, respectively (unpublished data; KT&G Life Sciences Corporation). As β-lapachone is predominantly metabolized by NQO1-mediated quinone reduction and subsequent UGT-catalyzed glucuronidation, NQO1 or UGT polymorphisms or mutations could have had a plausible impact on the large interindividual variability seen.[@b21-dddt-11-2719],[@b22-dddt-11-2719] Among 22 single-nucleotide polymorphisms (SNPs) in the NQO1 gene, the NQO1\*2/\*2 homozygote frequency with negligible NQO1 enzymatic activity ranged between 4.4% and 20.3% and NQO1\*1/\*2 heterozygote frequency with activities between that in the wild-type NQO1\*1/\*1 and mutant NQO1\*2/\*2 homozygotes ranged from 33.8% to 52.2%.[@b23-dddt-11-2719]--[@b26-dddt-11-2719]

According to the investigator's brochure, 15 of 50 subjects who received the study drug experienced 34 AEs. Of these 34 AEs, 20 events were considered to be related to the medication and mild in severity. AEs that corresponded to more than one event included diarrhea, abdominal pain, and dizziness. MB12066 was well tolerated in normal healthy volunteers enrolled in this study, and the observed AEs that occurred following multiple-dose administration were not severe or serious.

There were several limitations in this study. First, even though a small number of subjects per treatment group are generally acceptable for Phase I clinical trials, the sample size of this study was relatively small. Second, the results were obtained from healthy male subjects. The PK of MB12066 might differ depending on the patient population or in relation to gender or age. Therefore, further studies are needed to investigate MB12066's PK and tolerability in other population subgroups.

Conclusion
==========

These results demonstrate that MB12066 was safe and well tolerated in healthy male volunteers during this study with no serious adverse effects. In addition, the accumulation in plasma with twice-daily administration was associated with an accumulation ratio of 2.72.
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###### 

PK parameters for β-lapachone after single 100 mg and multiple 100 mg twice daily oral administration of MB12066 in healthy Korean male subjects (n=8)

  PK parameter                                             Single dose (day 1)   Multiple dose (8 days)
  -------------------------------------------------------- --------------------- ------------------------
  t~max~ (h)[a](#tfn2-dddt-11-2719){ref-type="table-fn"}   3 (2--5)              5 (1--5)
  *C*~max~ (ng/mL)                                         3.56±1.55             14.96±15.56
  *C*~min~ (μg/mL)                                         N/A                   1.73±0.65
  *C*~av~ (μg/mL)                                          N/A                   4.20±2.47
  t~½~ (h)                                                 5.89±3.41             18.16±3.14
  AUC~0--t~ (ng·h/mL)                                      N/A                   85.97±32.59
  AUC~0--~*~τ~* (ng·h/mL)                                  16.16±4.93            50.44±29.68
  AUC~0--~*~∞~* (ng·h/mL)                                  22.71±7.64            93.69±31.59
  Fluctuation (%)                                          N/A                   242.37±164.80
  Accumulation index                                       N/A                   2.72±0.37

**Notes:** Values are reported as arithmetic mean ± SD unless otherwise specified.

Median (range).

**Abbreviations:** PK, pharmacokinetic; N/A, not applicable; SD, standard deviation; t~max~, time to reach *C*~max~; *C*~max~, maximum plasma concentration; *C*~min~, minimum steady-state concentration; *C*~av~, average concentration; t~½~, elimination half-life; AUC~0--t~, area under the plasma concentration vs time curve from 0 to the last quantifiable time point; AUC~0--~*~τ~*, area under the plasma concentration vs time curve at steady state; AUC~0--∞~, area under the plasma concentration vs time curve from 0 to infinity.
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